Lung cancer is the most common cause of cancer mortality in male and female patients in the US. Although it is clear that tobacco smoking is a major cause of lung cancer, about half of all women with lung cancer worldwide are never-smokers. Despite a declining smoking population, the incidence of non-small cell lung cancer (NSCLC), the predominant form of lung cancer, has reached epidemic proportions particularly in women. Emerging data suggest that factors other than tobacco, namely endogenous and exogenous female sex hormones, have a role in stimulating NSCLC progression. Aromatase, a key enzyme for estrogen biosynthesis, is expressed in NSCLC. Clinical data show that women with high levels of tumor aromatase (and high intratumoral estrogen) have worse survival than those with low aromatase. The present and previous studies also reveal significant expression and activity of estrogen receptors (ERα, ERβ) in both extranuclear and nuclear sites in most NSCLC. We now report further on the expression of progesterone receptor (PR) transcripts and protein in NSCLC. PR transcripts were significantly lower in cancerous as compared to non-malignant tissue. Using immunohistochemistry, expression of PR was observed in the nucleus and/or extranuclear compartments in the majority of human tumor specimens examined. Combinations of estrogen and progestins administered in vitro cooperate in promoting tumor secretion of vascular endothelial growth factor and, consequently, support tumor-associated angiogenesis. Further, dual treatment with estradiol and progestin increased the numbers of putative tumor stem/progenitor cells. Thus, ER-and/or PR-targeted therapies may offer new approaches to manage NSCLC.
Introduction
Lung cancer is the most common cause of cancer mortality in female and male patients in the US. In contrast to that in men, lung cancer mortality among women has reached epidemic proportions, increasing 600% since 1950 and accounting for 25% of all female cancer deaths [1] . About 1.75 times more women in the United States are expected to die from lung cancer than from breast cancer in 2010 [2] . Non-small cell lung cancer (NSCLC) is the predominant type of lung cancer and includes major histologic types such as adenocarcinoma, squamous carcinoma and large cell carcinoma. Of these, adenocarcinoma is the most common lung cancer in current series. Survival rates from NSCLC are unacceptably low (about 15% five-year survival), and new approaches to treat and prevent this disease are urgently needed. Although there is clear evidence that tobacco smoking is a major cause of lung cancer, about 53% of all women with lung cancer worldwide are neversmokers [3] . Despite a decline of the smoking population, the incidence of NSCLC, particularly adenocarcinoma subtypes, is rapidly increasing [1, 2] . Adenocarcinoma represents three-fourths of primary lung cancers in women and is also the most frequent histologic type of NSCLC in nonsmokers and young people [2, 3] . Such data suggest that etiologic factors other than tobacco may also have a role in development and progression of lung cancer.
Emerging evidence shows that female sex hormones, especially endogenous and exogenous estrogens (E), are key contributors to NSCLC progression in women [4] [5] [6] [7] [8] [9] [10] [11] [12] . Aromatase, a cytochrome P-450 enzyme that mediates the final, rate-limiting step in estrogen synthesis, catalyzing conversion of androstenedione and testosterone to estrone and estradiol, respectively, is expressed in both primary and metastatic NSCLC. Clinical data now show that women with high levels of lung tumor aromatase expression and activity (and consequently high intratumoral estrogen levels) have significantly worse survival than those with low levels of this enzyme [4, 5, 8] . In both male and female patients, about 73% of NSCLCs show higher levels of intratumoral estradiol in cancer tissue than in paired nonneoplastic lung tissue. Such results confirm that estradiol is locally produced in NSCLC by aromatase.
Despite earlier conflicting data on the presence of estrogen receptors (ER) in lung, numerous studies now confirm significant expression and activity of ERα and ERβ in most NSCLC, particularly in adenocarcinoma [4, [6] [7] [8] [9] [10] [11] [12] . In the epithelium of the lung, ERβ is abundant while ERα tends to be relatively lower. Further, levels of ERβ and ERα mRNA expression are noted to be increased in lung cancer as compared to normal epithelia [13, 14] . ERα and ERβ proteins occur in nuclei and extranuclear sites. In lung, as in the breast, extranuclear ERs derive from the same transcript as nuclear ER [7, [15] [16] [17] . Nuclear and extranuclear ER appear to act in concert to promote cell growth [15, 18] . In normal lung, ERs are involved in important physiologic functions, including alveolar formation in development, activation of alveolar regeneration and maintenance of pulmonary diffusion capacity in the adult [19] [20] [21] . In lung malignancy, estrogens stimulate rapid cellular effects on MAPK and AKT kinases and phosphorylation of steroid receptor coactivators (SRC-3/AIB1) that appear to correlate with later stimulation of NSCLC cell proliferation, angiogenesis and tumor progression, and these actions in lung tumors are inhibited by the pure antiestrogen fulvestrant and by aromatase inhibitors [4] [5] [6] [7] [8] [22] [23] [24] [25] [26] [27] . Estrogen-induced transcription is mediated by ERα and ERβ in cell nuclei and is augmented by protein-protein interactions of ER forms with other transcription factors or extranuclear complexes (MAPK and AKT kinases) that, in turn, modulate ERα and ERβ and downstream gene transcription [15] . Recent work offers additional proof that estradiol significantly increases NSCLC proliferation in the presence of either ERα or ERβ [26, 27] .
Several decades ago, the Coronary Drug Project identified men who had a previous myocardial infarction and randomly assigned them, as part of a multi-component clinical trial, to conjugated equine estrogen at 2.5 mg/day or to placebo, anticipating a reduction in future cardiac events in the estrogen treatment arm. However, this intervention was stopped for primary endpoint futility when increased lung cancer mortality was observed in the estrogen therapy group [28] . Data from more recent randomized, prospective trials suggest that hormone replacement therapy with estrogen plus progestins increases both the incidence of and the mortality from lung cancer in postmenopausal women [29, 30] , although conflicting data based on earlier retrospective studies are reported [31] . Of special note, similar prospective trials suggest that hormone replacement therapy with estrogen alone is not sufficient to enhance mortality from lung cancer in women [32] . The reason for this apparent contradiction is not known and requires further investigation of the role of progestins in lung cancer progression.
Effects of progestins are mediated by progesterone receptor (PR), and reported PR expression in lung tumors is variable, with some studies reporting a high expression frequency [39-63%; 25,33-35] and others showing little or no expression [36] [37] [38] . Low PR expression is a prognostic factor for poor clinical outcome in some studies of NSCLC [33, 35] but other survival studies with PR showed no correlation with outcome [25] . Progesterone supplementation has also been shown to inhibit the growth of PR-positive lung tumors in mice [33] . In contrast, treatment of mice with an antiprogestin (mifepristone; RU-486) reduced the progression of spontaneous lung tumors [39] . In embryonic lung cells, combined treatment with estrogen and progesterone increased expression of vascular endothelial growth factor (VEGF) mRNA and protein (40) . Pretreatment with antiestrogen ICI 182,780 and antiprogestin RU-486 completely abolished the sex steroid-induced effects. Thus, estrogen and progestins appear to cooperate in promoting expression of VEGF in primary embryonic lung cells and are also involved in regulating expression of key molecules for prenatal lung development and postnatal lung function [40] . Support for this notion also comes from recent reports showing that progestins and estrogen can promote the expansion of stem/progenitor cells in mammary tissues [41, 42] .
Cancer progression is also dependent on the development of a rich vascular network, a process regulated by a number of potent growth factors, particularly VEGF [43, 44] . It has been clearly established that VEGF is produced by many tumor cells, including NSCLC cells [43] [44] [45] [46] , and the VEGF content of malignant cells has been shown to correlate with the prognosis of patients with lung cancer [45, 46] . It is also reported that VEGF produced by tumor cells is essential for the expansion of lung cancer, largely by increasing proliferation of endothelial cells from neighboring blood vessels through interactions with VEGF receptors present on these cells. Only limited information is currently available on the roles of estrogens and progestins in regulating angiogenic growth factors and tumor-associated angiogenesis in human lung cancer [7, 19, 47] . Although much emphasis has been placed on the role of estrogens in NSCLC progression, this work reports further on the expression of PR and the potential activity of progestins in this malignancy.
Experimental

Cell culture and reagents
Human NSCLC cells (A549, H23, H1975, H3255, HCC827) were obtained from the American Type Culture Collection (Manassas, VA). Lung cancer cell lines were routinely maintained in RPMI 1640 media with 10% fetal bovine serum (FBS; Invitrogen/Life Technologies) and antibiotic-antimycotic solution (Mediatech). For steroid-free conditions, medium was changed 48 h before studies to phenol-red free RPMI 1640 with 0.1% dextrancoated, charcoal-treated (DCC)-FBS [48, 49] . Lung tumor cells were characterized previously for ER (ERα, ERβ) expression using ligand binding, immunoassay and immunofluorescence methods [6, 7, 27] . Human umbilical vein endothelial cells (HUVEC; Clonetics/BioWhittaker) at passages 4-6 were grown on attachment factor-coated tissue culture flasks in MEM containing 10 ng/mL basic-FGF and 15% FBS [50] [51] [52] [53] . All cultures were maintained in a humidified incubator at 37°C under 5% CO 2 , 95% air and free of Mycoplasma and pathogenic murine viruses. Recombinant human VEGF-165 (rhVEGF), anti-VEGF antibody, IgG antibody control and a Quantikine VEGF ELISA kit were acquired from R&D Systems, Inc. (Minneapolis, MN). Progesterone, medroxyprogesterone acetate (MPA), RU-486 and estradiol-17β were purchased from Sigma-Aldrich Corp. (St. Louis, MO).
VEGF secretion
Secretion of VEGF, a primary proangiogenic factor, was quantitated in the extracellular media of NSCLC cells by ELISA assays using established methods as before [50] [51] [52] . NSCLC cells were grown in maintenance medium containing 10% FBS in 100-mm tissue culture dishes and allowed to reach 60-70% confluence. Cells were washed twice with PBS, and the medium was changed to phenol red-free, serum-free medium and incubated for 24 h. The serum-free medium was replaced, and the cells were treated with or without 10 nM progesterone or MPA for 18 h. Conditioned medium was collected for determination of VEGF. VEGF was quantitated using a Quantikine kit according to the manufacturer's protocol. VEGF values were calculated by plotting absorbance at 450 and 540 nm and comparing unknown values to standards.
Cell proliferation assays
Proliferation of NSCLC cells was quantitated as before [6, 7, 48] . To determine effects of progesterone, cells were cultured in phenol red-free, steroid-free conditions for 48 h, then treated in triplicate with vehicle or increasing concentrations of progesterone alone (0.1 nM-1000 nM), mifepristone alone (RU-486; 0.1 nM-1000 nM) or progesterone with a fixed dose of progesterone receptor antagonist mifepristone (1 µM). After 72 h, cells were counted using the colorimetric assay CellTiter 96 Aqueous (Promega) to determine the number of viable cells. Correlation of cell numbers with colorimetric assay data were verified in preliminary experiments.
To assess paracrine effects of progesterone-and MPA-induced VEGF on endothelial cell proliferation, NSCLC cells were first grown in medium containing 10% FBS in 100-mm tissue culture dishes and allowed to reach approximately 70-80% confluence [52, 53] . Cells were then washed twice with PBS and placed in serum-free, phenol red-free medium overnight. The medium was then changed, and the cells were treated with 10 nM progesterone or MPA for 24 h. Conditioned medium was collected, filtered through a 0.2µm pore size membrane, and stored at −80 C. HUVEC cells were seeded at 5 × 10 3 cells/ well in culture medium with FBS into a 96-well plate overnight as described above. For HUVEC cells, the medium was replaced with phenol red-free medium containing 0.5% DCC-FBS for 12 h, after which the medium was removed, and conditioned medium was added for 48 h with and without the anti-VEGF antibody or IgG control as in earlier studies [53] . To neutralize the VEGF effect in hormone-treated conditioned medium or the rhVEGF before addition to the cells, aliquots (100 µl containing 100 ng/ml rhVEGF or conditioned medium) were incubated with anti-VEGF antibody (2µg/ml) or a control IgG (2µg/ml) at 37 C for 1 h and then placed over the cells.
Gel electrophoresis and Western blot
Cultured NSCLC cells treated with or without progestins or vehicle controls for 30 and 240 min were harvested and lysed. Total cell proteins were resolved by 7.5% SDS-PAGE, transferred to polyvinylidene difluoride membranes (90 V for 2 h), and probed with monoclonal antibodies directed against human progesterone receptor or α-actin or GADPH loading controls (Sigma).
Aldefluor assay and CD133 labeling using flow cytometry
Aldehyde dehydrogenase (ALDH) activity and CD133 expression were analyzed by established double labeling methods [54] [55] [56] using the Aldefluor Assay Kit (Stem Cell Technologies) and CD133/1 antibody (Miltenyi) according to the manufacturer's instructions. Briefly, cells were suspended in assay buffer and incubated with the ALDH substrate Aldefluor or with Aldefluor and the ALDH inhibitor diethylaminobenzaldehyde DEAB (negative control) for 30 min at 37C. Cells were subsequently washed and labeled with Allophycocyanin (APC)-conjugated CD133/1 for 30 min on ice. Cells were washed with assay buffer twice and analyzed using FACSCalibur (BD Bioscience) and CellQuest software (BD Bioscience). Data were analyzed using FlowJo (Tree Star Inc.). Experiments were performed in triplicate.
Tumor sphere assays in vitro and tumorigenic potential in vivo
For tumor sphere experiments in vitro, single cell suspensions of NSCLC cells were plated on 1% agarose-coated plates at a density of 1×10 5 and grown for 7-10 days. Subsequent cultures after dissociation of primary spheres were plated on ultralow attachment plates at a density of 5×10 3 to 1×10 4 . Tumor sphere cultures were grown in a serum-free basal medium as previously described [57, 58] .
To compare tumorigenic properties of A549 cell subsets in vivo, CD133+/ALDH+ cells and CD133−/ALDH− cell subsets were harvested and implanted subcutaneously in 7-8 week old NOD/SCID mice primed with subcutaneous estradiol-17β (1.7 mg/biodegradable pellet; Innovative Research) [7, 27] . Tumor cells were injected (in 200 µl PBS) subcutaneously at concentrations of 200 or 20,000 cells per mouse (3 mice/group) using established methods [55, 58] . Tumors were measured twice weekly. Incidence of tumor xenograft formation was scored 10 weeks after injection [7, 27] . Experiments were carried out in accordance with guidelines provided by our institutional Animal Care and Use Committee.
2.7.Patient material
Paraffin-embedded, formalin-fixed human lung tissue was obtained from the Department of Pathology and Laboratory Medicine within the David Geffen School of Medicine at UCLA under appropriate Institutional Review Board (IRB) and Health Insurance Portability and Accountability Act (HIPPA) regulations and approval.
Immunohistochemistry
PR, ERα and ERβ were detected in lung tissue samples using a standard two-step indirect immunohistochemistry (IHC) protocol similar to those previously described [5, [59] [60] [61] . Antibodies used included anti-human mouse monoclonal progesterone receptor antibody (IgG1) clone 1A6 (catalogue MAB429) from Millipore (Billerica, MA), anti-human ERα antibody HC-20 (Santa Cruz Biotechnology) and anti-human ERβ1 antibody PPG5/10 (ABDSerotec). Briefly, combined sodium citrate (pH 6.0) and incubation in a pressure cooker (5 min, 125° C) was used for antigen retrieval. Slides were incubated for 1 hr (ERα) or overnight at 4° C (PR and ERβ) with primary antibodies used at a the following dilutions: PR 1:20, ERα 1:200 and ERβ 1:50. A two-step polymer-HRP method (Dako; Carpinteria, CA) was used for detection. No staining was observed for negative controls, which included either breast or lung samples incubated with a non-immune primary antibody. Expression was quantified by a pathologist (M.A.) and checked by a second pathologist (V.M.) for cellular frequency of staining (0-100%) as well as staining intensity (0-3) for nuclear or for extranuclear/cytoplasmic staining as before [5] .
Gene expression analyses
A publicly available lung cancer gene expression data set was used for gene expression analysis [62] . This data was available through the Gene Expression Omnibus (GEO) website (accession number GSE11969), and was chosen because gene expression for non-malignant lung tissue was included. The data was generated on an Agilent Homo sapiens 21.6K custom array, with 21619 probes [62] . Samples were pre-processed using a protocol implemented into the R function Sample Network. Briefly, the sample network function evaluates array quality by considering the inter-array correlation (IAC) between samples. The IAC is the Pearson correlation coefficient between a given pair of arrays across all probe sets. The Sample Network R function defines a sample dissimilarity measure as 1 minus the inter-array correlation. Arrays with low inter-array correlation are automatically removed since they are likely to represent outliers. Hierarchical clustering did not reveal a batch effect in the data. Mean expression for progesterone receptor was determined for defined non-malignant and malignant human lung tissues [62] .
Statistics
The Mann-Whitney U test was used for two-group comparisons. The Kruskal-Wallis and Spearman rank correlation tests were used for multi-group comparisons [5, 63] . For preclinical laboratory studies, statistical analysis was carried out using ANOVA or student's t-test as appropriate, with values reported as the mean ± SEM. A P-value < 0.05 was considered significant.
Results
Nuclear and extranuclear expression of ER in archival human NSCLC specimens from the clinic
We previously demonstrated the presence of ERα and ERβ in most human NSCLC by standard IHC methods using archival formalin-fixed, paraffin-embedded human tumor specimens (6, 7, 27) . Fig. 1 shows representative examples of the immunoreactivity observed for nuclear ( Fig.1A) and extranuclear (Fig.1B ) ERα as well as nuclear ( Fig. 1D ) and extranuclear (Fig. 1E ) staining patterns for ERβ. Further, both nuclear and extranuclear ERβ staining occur concurrently in an adenocarcinoma specimen (Fig.1F ). As before, no specific staining was observed in controls in the absence of primary antibodies (Fig. 1C ).
Expression of progesterone receptor transcripts in malignant and non-malignant lung tissue
We first considered PR transcript expression in malignant as compared with non-malignant human lung tissue samples. To do this, we conducted a meta-analysis of publically-available gene expression data. These data were derived using an Agilent Homo sapiens 21.6K custom array as described [62] . Expression data were processed to remove artifactual outliers and to determine batch effect parameters which might skew data. At the transcript level, non-malignant (normal) lung tissue demonstrated a greater than 3-fold higher expression of PR as compared to either adenocarcinoma or squamous cell carcinoma (Fig.  2) . Among the 149 lung tumor samples, there were 78 at stage I, 26 at stage II and 45 at stage III. There was no correlation of PR transcript expression with the clinical stage for individuals with adenocarcinomas (P=0.705), squamous cell carcinomas (P=0.519), nor all patients combined (P=0.402).
Progesterone receptor protein expression in human lung tissue
We further examined the protein expression of PR in human lung tissues. Non-small cell lung cancer samples (n=42) were stained for PR using standard IHC protocols as outlined in the Experimental section. We observed a diverse array of staining patterns ranging from both nuclear and extranuclear expression, only nuclear or only extranuclear staining, to below the level of detection of staining in either cellular compartment. Representative images are shown in Figure 3 . We quantified the expression level of PR in NSCLC samples from 42 individuals. Results for both nuclear and extranuclear staining patterns are shown in Figure 4 . To date, we have observed no correlation between either nuclear or extranuclear PR staining and clinical stage (Spearman correlation coefficient=0.12, P=0.45 for extranuclear staining; and Spearman correlation coefficient=0.052, P=0.75 for nuclear staining). Significant expression of PR was also found in a series of human NSCLC cell lines using immunoassay by Western blot (see Fig. 5 ).
Progesterone and RU-486 effects on NSCLC cell proliferation in vitro
One previous report shows that progesterone alone inhibits the proliferation of NSCLC cells [33] while another study suggests that progesterone promotes proliferation [64] . To further assess effects of progestins on NSCLC proliferation, we used the H23 adenocarcinoma cell line that expresses progesterone receptors (Fig. 5 ). Progesterone treatment for 72 hr elicited a minimal inhibition of cell proliferation that was significantly different from controls only at the 1 µM dose (P<0.05; see Fig. 6 ). This inhibitory effect of the high dose of progesterone was reversed by the progesterone receptor antagonist RU-486. Of note, RU-486 administered as a single agent elicited a significant inhibition of cell proliferation over a dose range of 0.1-1000 nM (P<0.05).
Progestins and estrogen stimulate VEGF secretion by NSCLC cells
Progestins are known to increase VEGF production and angiogenesis in mammary tissues [53] . Moreover, combined treatment with estrogen and progesterone is reported to increase VEGF transcripts and protein levels in embryonic lung cells and fibroblasts [40] . Recent clinical hormone replacement therapy (HRT) trials also showed that treatment with progestins combined with estrogens increases the incidence and mortality for lung cancer in postmenopausal women [29, 30] . However, the role of progestins in lung cancer biology remains to be fully elucidated. To assess the effect of progestins and estrogens on VEGF secretion by NSCLC cells, we treated A549 cells in vitro with progesterone, estradiol-17β or combinations of these agents and then performed ELISA assays to detect VEGF in extracellular media. MPA, a synthetic progestin commonly used in postmenopausal HRT and oral contraception, was also included in these studies to compare with the action of the natural steroid. Figure 7 shows that estradiol as well as progesterone and MPA induce VEGF secretion in NSCLC cells under serum-free conditions. In addition, the antiestrogen fulvestrant blocked estrogen-dependent VEGF, while the antiprogestin RU-486 suppressed progestin-dependent VEGF, indicating that these responses were receptor-dependent.
VEGF-rich conditioned medium from NSCLC cells treated with progesterone promotes endothelial cell proliferation
In the next series of experiments, we determined whether VEGF within conditioned medium collected from progestin-treated tumor cells was angiogenically-active and able to increase proliferation of vascular endothelial cells (HUVECs) [53] . NSCLC cells were treated with 10 nM progesterone, and the conditioned medium was collected after 24 h. HUVECs were exposed to the serum-free conditioned medium or to serum-free medium alone for 24 h. Cell proliferation was detected by measurement of cell numbers. As shown in Fig. 8 , exposure of HUVECs to conditioned medium collected from progesterone-treated NSCLC cells or to VEGF significantly increased proliferation. The proliferative response of HUVECs was abolished in the presence of anti-VEGF antibody, but not in the presence of nonimmune IgG, suggesting that progestin-induced VEGF was the major factor to induce cell proliferation in vascular endothelial cells. VEGF was used to confirm that the population of HUVECs used in our test system contained an intact VEGF-dependent signal transduction pathway that leads to the proliferation of HUVECs, as also reported by others [43, 44, 53] . These results suggest that VEGF produced by tumor cells was sufficient to cause a proliferative response of endothelial cells either by itself or in combination with certain tumor cell-or endothelial cell-derived factors for which VEGF was the predominant partner. When nonconditioned serum-free medium was added to HUVECs as a control, and these cells were then exposed to progesterone, proliferation was equal to that in controls, indicating that prior conditioning of the medium with NSCLC cells was essential for subsequent HUVEC proliferation. An additional control experiment shows that no significant HUVEC proliferation occurred with progesterone administered directly in serumfree medium (Fig. 8) . These results indicate that lung tumor cells can produce angiogenically-active VEGF in response to progestins, which can subsequently increase the proliferation of human endothelial cells.
Estradiol and progestins promote an increase in the number of tumor stem/progenitor cells
Recently, substantial evidence has accumulated to support the role of a small subset of selfrenewing cells that sustain malignant growth [54, 55, 57] . This subpopulation is termed cancer-initiating cells or cancer stem/progenitor cells (CSPC) for their high capacity for selfrenewal and superior levels of malignancy. Cancer stem cells are identified and isolated in several malignancies including lung cancer [54, 55, 57, 58, 60] . These CSPC express tissuespecific cell surface markers, such as CD44+/CD24low in breast [54, 55, 57] and CD133+ in brain, prostate, pancreas and lung cancers [cf.58]. CD133 (prominin-1), a 5-transmembrane glycoprotein, was recently reported as an important biomarker to identify subsets of human lung CSPC [58, 65, 66] . Further, isolated lung cancer cells with high aldehyde dehydrogenase-1 (ALDH) activity display in vitro and in vivo features of cancer stem cells and express surface marker CD133 [67] . Based on these data, we assessed effects of treatment with estrogen and progestins on the expansion of putative CSPC in NSCLC. We identified CD133+/ALDH+ tumor stem/progenitor cells from human lung cancer cells in vitro using Aldefluor assay (to isolate ALDH+ cells) in combination with labeled anti-CD133 antibodies followed by fluorescence-activated cell sorting analysis. Treatment with either estrogen or progesterone alone elicited relatively small increments in the numbers of CSPC subsets, but estrogen combined with progesterone stimulated a several-fold increase in the numbers of CSPC (P<0.001) ( Fig. 9 ). This latter effect of combined therapy was blocked by use of antiestrogens. We then cultivated isolated subpopulations of tumor cells following dual therapy with estrogen plus progesterone and determined that these CD133+/ ALDH+ subsets were able to grow as tumor spheres and maintain self-renewal capacity, properties indicative of CSPC. In contrast, control CD133−/ALDH− subsets were not capable of significant tumor sphere formation (Fig. 10) . To confirm the tumorigenic potential of these CD133+/ALDH+ cells as compared with CD133−/ALDH− cells, we implanted the tumor cell subsets subcutaneously in immunosuppressed mice by established methods [55, 58] . Tumor growth occurred in all 3 of 3 mice inoculated subcutaneously with either 200 or 20,000 CD133+/ALDH+ cells. In contrast, no tumor growth was detected with inoculation of 200 CD133−/ALDH− tumor cells, but 1 of 3 mice developed tumors with injection of 20,000 CD133−/ALDH− cells. Thus, these findings suggest that CD133+/ ALDH+ tumor cells also show a greater tumorigenic capability then CD133−/ALDH− cell subsets in vivo.
Discussion
The clinical outcome for patients with lung cancer has not changed significantly for over two decades. New approaches to therapy are urgently needed, and these should be based on new understanding of fundamental growth-promoting pathways in the lung and possible sex differences in the natural history and therapeutic responses of NSCLC [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . The incidence of NSCLC, the predominant form of lung cancer, has now reached epidemic proportions particularly in women [1] . Emerging data suggest that female sex hormones have a role in lung cancer development and progression. Endogenous and exogenous estrogens appear to be key contributors in stimulating NSCLC growth and progression. Aromatase, a key enzyme for estrogen biosynthesis, is expressed and active in NSCLC [5, 6, 8] . The present and previous studies also reveal significant expression and activity of ERα and ERβ in both extranuclear and nuclear sites in most NSCLC. We now report on the occurrence of PR transcripts and protein in NSCLC. Using immunohistochemistry, expression of PR protein was observed in the nucleus and/or extranuclear compartment in the majority of human tumor specimens and NSCLC cell lines examined. These findings are consistent with independent reports on the expression of PR protein in NSCLC [25, 33, 35] . Although some initial studies indicate that tumor PR levels correlate with clinical outcome [33, 35] , others suggest no apparent correlation between tumor PR and clinicopathologic characteristics [25] . Further investigation of the potential interplay between ER, PR and growth factor signaling pathways may be required to fully understand their contribution to clinical outcome [35] .
Previous work confirms that estrogen signaling in human lung interacts with other signaling pathways, such as EGFR, and contributes to tumor growth and clinical outcome [4, 7] . Additional studies indicate that overexpression of VEGF and EGF family ligands and their receptors also correlate with clinical outcome for NSCLC patients [45, 46] . New findings show that pulmonary vascularity is altered by sex steroids, particularly estradiol, with a greater number of lung microvessels in ovariectomized female mice receiving estradiol as compared to placebo [19, 47] . Similarly, cancer progression is dependent on development of a rich vascular network that supplies vital nutrients to the growing tumor (43, 44, 52, 53) . Angiogenesis, the process of new blood vessel formation, is regulated by a number of potent growth factors, one of the most effective of which is VEGF [43, 44, 53] . It is well-established that VEGF is produced by many tumor cells, including lung cancer cells [45, 46] , and VEGF produced by tumor cells is essential for malignant expansion, presumably by increasing proliferation of endothelial cells from neighboring blood vessels through interactions with VEGF receptors present on these cells. Our findings further demonstrate that combinations of estradiol and progestins administered in vitro cooperate in promoting NSCLC cell secretion of VEGF and, consequently, enhancing vascular endothelial cell proliferation, an event important for tumor-associated angiogenesis. Independent experiments suggest that progestins do not directly enhance the proliferation of vascular endothelial cells [68] . The results of recent clinical trials indicate that hormone replacement therapy with estrogens and progestins is associated with higher risk of lung cancer in postmenopausal women than treatment with estrogens alone or placebo [29, 30, 32] . This observation is consistent with the current studies showing that progestins as well as estrogens [7] stimulate the secretion of VEGF by NSCLC cells which in turn stimulates local angiogenesis. These observations suggest that tumor-induced VEGF secretion may function in a paracrine manner to sustain tumor growth. Although endogenous progesterone levels are very low in postmenopausal women and men, in situ production of progesterone is reported in NSCLC specimens [33] . Further, it is possible that progesterone receptor, as in breast [69, 70] , may also signal through ligand-independent mechanisms due to phosphorylation by kinases in the lung [33, 35] . Thus, it will be important to determine if PR activation by ligand-independent pathways can induce VEGF secretion from lung tumor cells to promote angiogenesis.
In view of recent evidence suggesting that sex steroids may influence the numbers of stem/ progenitor cells in adult mammary tissues [41, 42] , we investigated the role of estradiol and progestins in promoting expansion of stem/progenitor cells in NSCLC. Dual treatment with estrogen and progestin in vitro increased the numbers of putative tumor stem/progenitor cells as evidenced by enrichment of CSPC markers and the formation of tumor spheres with self-renewal capability in vitro and enhanced tumorigenicity in vivo. It is reported that the number of tumor spheres (composed of tumor stem/progenitor cell populations) generated upon serial passage provides an indirect measure of cancer stem cell self-renewal [55, 57, 58] . Independent experiments have also shown that ALDH-positive and CD133-positive lung tumor cell subsets [58, [65] [66] [67] can generate tumors in vivo that recapitulate the heterogeneity of the parental cancer cells and maintain tumor progression. Immunohistochemical analysis of clinical specimens from lung cancer patients and controls further show that high tumor expression of ALDH and CD133 is correlated with a poor prognosis for patients with lung cancer. Although stem cells in other tissues, such as breast, are reported to lack expression of sex steroid receptors [41, 42, 55] , estrogen and progesterone may impact the function of stem/progenitor cells indirectly by mediating the supply of regulatory factors from neighboring cells (such as Wnt or receptor activator of NF-κB ligand [RANKL] signaling) or by regulating the activity of more differentiated progenitor cells [41, 42] . One recent report also shows that vascular endothelial cell-secreted factors can enhance the survival and self-renewal of neighboring head and neck cancer stem/progenitor cells [71] . Of note, lung cancer stem/progenitor cells are also reported to produce substantially higher levels of VEGF than that of bulk tumor cells [58] . Thus, treatments aimed to modulate the activity of ERα, ERβ and/or PR may modulate tumor progression by diverse molecular and cellular pathways and thereby offer new approaches to treat non-small cell lung cancer. Further studies are needed to pursue these alternatives for specific targets of sex steroid action in NSCLC.
Although progestins alone may not directly induce the proliferation of bulk NSCLC cells, the current and earlier findings suggest that these steroids regulate the activity of other tissue factors (such as VEGF, EGF) that indirectly determine the final proliferative or antiproliferative state. Similar actions of progesterone have been reported in breast cancers [72] . Further studies will also be required to understand the significance of extranuclear and nuclear expression patterns of steroid receptors in malignant cells. In endometrial cancers, the PR-A isoform is localized in the nucleus, and PR-B is largely cytoplasmic in the absence of ligand [73] . Similar investigations in lung cancer remain to be done [35] . The distribution of steroid receptors in different subcellular compartments may well modulate signaling by genomic, nongenomic and/or ligand-independent pathways that contribute to tumor progression [15, 74] .
As in studies of nuclear receptor expression in breast cancer [75, 76] , a standardized and validated approach to the immunohistochemical detection and interpretation of ERα, ERβ, PR and possibly GPR30 expression is needed for potential screening of human lung tumor specimens in the clinic [35, 77] . A systematic examination of hormonal biomarkers could potentially be prognostic and may be useful to identify patients with NSCLC who might benefit from the administration of antihormone therapeutics.
Highlight
➢
PR, ERα and ERβ are expressed in both extranuclear and nuclear sites in NSCLC.
➢ PR transcripts were lower in cancerous as compared to non-malignant tissue.
➢ Estrogen and progestins promote tumor VEGF secretion and angiogenesis.
➢ Estrogen and progestins stimulate putative tumor stem/progenitor cell expansion.
➢ ER-and/or PR-targeted therapies may offer new approaches to manage NSCLC.
Fig. 1. Immunohistochemical (IHC) detection of nuclear and extranuclear ERα and ERβ proteins in archival human lung adenocarcinomas
Formalin-fixed paraffin-embedded tumors were processed for IHC using anti-ERα Ab HC-20 (Santa Cruz) and anti-ERβ1 Ab PPG5/10 (ABDSerotec). Panels A and B show nuclear and extranuclear staining for ERα and panels D and E show nuclear and extranuclear staining for ERβ. Panel C shows no staining in a control specimen with no addition of primary antibody. Panel F is an example of adenocarcinoma that shows both specific nuclear and extranuclear staining for ERβ.
Fig. 2. Mean mRNA expression levels for PR
Data were downloaded from GEO and processed as described in the Experimental section. Bar plots showing mean PR expression in non-malignant lung tissue (n=5) compared to adenocarcinoma (n=90) and squamous cell carcinoma (n=35). Expression levels in nonmalignant lung were significantly higher than adenocarcinoma (Kruskal-Wallis P=0.0037) and squamous cell carcinoma (Kruskal-Wallis P=0.0051). 
. Expression of progesterone receptor (PR) in human NSCLC cell lines
Significant immunoreactivity for PR-A and PR-B was detected in NSCLC cancer cell lines and in control human breast cancer cell line MCF-7. Western blots were performed as described in methods. GAPDH is shown as a loading control. Progesterone alone elicited minimal inhibition of cell proliferation that was significantly different from controls only at 1 µM (P<0.05). This effect was blocked when cells were treated with progesterone in the presence of RU-486 at 1 µM. RU-486 alone elicited significant inhibition of cell proliferation over a dose range of 0.1-1000 nM (P<0.05). Similar results were found with A549 cells treated as above (data not shown).
Fig. 7. Progestins and estrogens stimulate VEGF secretion by NSCLC cells
A549 cells were maintained in medium with 10% FBS as described in Experimental. Cells were then washed with PBS and incubated in serum-free media overnight. The medium was replaced, and incubation was continued for an additional 18 h without ligand (CON; control) or with 10 nM estradiol-17β (E), 1µM ICI 182,780 (FV; fulvestrant), estradiol and ICI 182,780 (E+Fv), 10 nM progesterone (P), 10 nM MPA, 1 µM RU-48610 (RU), progesterone and RU-486 (P+RU), MPA and RU-486 (MPA+RU) or estradiol and progesterone (E+P) or estradiol and MPA (E+MPA), as indicated. Conditioned media were collected, and VEGF was measured by ELISA (expressed as picograms of VEGF per ml). Values represent the mean ± SEM from three determinations. *, VEGF induction values significantly different from controls at P<0.001.
Fig. 9. Estrogen and progestin increase the proportion of cancer stem/progenitor cell subsets as determined by assay of specific biomarkers, ALDH and CD133
NSCLC cells (A549) were treated in vitro with control (CON), 10 nM estradiol-17β (E2), 10 nM progesterone (P), E2 and P (E+P) or E2 and P in the presence of either 1 µM fulvestrant (E+P/Fx) or 1 µM RU-486 (E+P/RU). Thereafter, aldehyde dehydrogenase (ALDH) activity and CD133 expression were analyzed by established double labeling methods using an Aldefluor Assay Kit and CD133 antibody, respectively, followed by FACS sorting [54] [55] [56] . The numbers of ALDH+/CD133+ lung tumor cells, representing a putative CSPC subset, was expressed as a percent of total lung tumor cells for each treatment group. Dual therapy with estrogen and progestin increases the proportion of cancer stem/progenitor cell subsets as determined by assay of specific biomarkers, ALDH and CD133 (*P<0.001). Experiments were performed in triplicate.
Fig. 10. ALDH+/CD133+ tumor cell subpopulations elicited by treatment with estrogen and progesterone form tumor spheres and exhibit self-renewal properties
For tumor sphere experiments, single cell suspensions of NSCLC cells (A549) were plated on 1% agarose-coated plates at a density of 1×10 5 and grown for 7-10 days. Aldefluorpositive (ALDH+) and CD133-positive (CD133+) cells isolated after treatment with estrogen and progesterone (see Fig. 9 ) formed significantly greater numbers and sizes of tumor spheres as compared to Aldefluor-negative (ALDH−) and CD133-negative (CD133−) controls (P<0.001). Subsequent cultures after dissociation of primary spheres were plated on ultralow attachment plates at a density of 5×10 3 to 1×10 4 (see P1, P3, 1 st and 3 rd passages, respectively). Tumor sphere cultures were grown in a serum-free basal medium as
